young neurons, Neurolin is expressed all along RGC axons, whereas in mature neurons Neurolin is found only at RGC cell contact sites and synapses (Paschke et al., 1992) . This suggests a function for Neurolin in RGC cell-cell communication (Fashena and Westerfield, 1995) and signal transduction in addition to axon guidance. However, this hypothesis has so far not been addressed in vivo. Therefore, we decided to analyze the physiological function of Neurolin during retina development in the zebrafish, a model organism for developmental biology.
Here we describe the identification of a second neurolin gene in zebrafish, neurolin-b. Gene duplication is thought to play an important role in evolution by providing new genetic material for selection, which might be followed by partitioning of gene function (Ohno, 1999) . The two paralogs, neurolin-a and neurolin-b, show overlapping but distinct expression patterns suggesting subfunctionalization. By using a morpholinobased knockdown approach, we show functional contributions of Neurolin-a and Neurolin-b to distinct steps in RGC development. Neurolin-a is needed for a differentiation step that directly precedes axon outgrowth. In contrast, Neurolin-b is involved in RGC axon navigation between the chiasm and the optic tectum.
MATERIALS AND METHODS Fish
Zebrafish were maintained at 28.5°C in the animal research facility of the University of Konstanz in compliance with animal welfare legislation. Embryos were collected after natural spawning, staged as previously described (Kimmel, 1989) , and raised in egg water (0.3% w/v sea salt/0.0002% Methylene Blue) at 28.5°C. Transgenic zebrafish expressing membrane-targeted green fluorescent protein (GFP) under the control of the brn3c promoter in retinal axons (tg(Brn3c:m-GFP) s356t ) were provided by H. Baier (University of California, San Francisco) and are described elsewhere (Xiao et al., 2005) .
Cloning and sequence analysis
Zebrafish and fugu neurolin genes and transcripts were identified by a combination of database searches, reverse transcription-polymerase chain reaction (RT-PCR), and 5-rapid amplification of cDNA ends (RACE). Primer sequences and PCR conditions are available upon request, and cDNA sequences were deposited in GenBank (Danio rerio neurolin-b: DQ279080; Takifugu rubripes neurolin-a: DQ279082; Takifugu rubripes neurolin-b: DQ279081). Nucleotide sequences of tetrapod neurolin homologues were translated by using BioEdit (Hall, 1999 ) and aligned as aa by using ClustalW (Thompson et al., 1994) . Phylogenies were reconstructed by using neighbor joining (NJ) methods with MEGA version 2.1 (Kumar et al., 2001) , and support for nodes in the NJ tree was assessed by using 1,000 bootstrap reiterations (Felsenstein, 1985) . 
Immunoblots

Morpholino injections
Morpholino (MO) antisense oligonucleotides (Summerton, 1999) were designed as follows by Gene Tools (Philomath, OR) to target neurolin-a and neurolin-b genes, respectively: MO-Na: -33-GTCCGGCGACAGTCTCAATAGAGAG-57 MO-Nb: -7-GCAGTCTGCGATAGTTCTGCACTCC-31 MO oligonucleotides were diluted in 1X Danieau solution (58 mM NaCl/0.7 mM KCl/0.4 mM MgSO 4 /0.6 mM Ca(NO 3 ) 2 /5 mM HEPES; pH, 7.6) to concentrations ranging from 1 to 3 mg/ml. Approximately 1.5 nl of MO or a buffer control solution (0.1% phenol red in 1X Danieau) was injected into the yolk of one-to two-cell-stage zebrafish embryos. To assess the specificity of the phenotype, a second morpholino targeting the 5UTR of neurolin-a (MO-Na2; -15-CCGGTTCTCCTTTATACA-37; kindly provided by C.B. Chien) was injected and resulted in the same overall phenotype with reduced eye size and decreased RGC numbers. To exclude non-sequence-dependent activation of the p53 pathway, which can lead to cell death and morphological abnormalities, 2.5 ng of a morpholino targeting p53 (AGA-ATTGATTTTGCCGACCTCCTCT) was injected together with MO-Na.
The efficiency of MO-Na in blocking Neurolin-a protein synthesis was assessed by Western blot analysis of embryo lysates at different stages of development ( Supplementary  Fig. 1 ). Because no antibody was available to detect Neurolin-b protein, a GFP-fusion construct was used to confirm that MO-Nb was capable of blocking translation of Neurolin-b (Supplementary Fig. 1 ).
Determination of eye size
MO-Na and control buffer-injected embryos were fixed at 3 dpf and 6 dpf in 4% paraformaldehyde (PFA)/PBS. Eye diameter of wholemount embryos was determined under a dissecting microscope and set in relation to the torso length (nose to end of yolk ball).
Histological sections
Embryos were fixed at 2 dpf and 4 dpf in 4% PFA/PBS and embedded in Durcopan (SPI Suppplies, West Chester, PA). Sections (2-10 m) were made on a Reichert-Jung Autocut or a Reichert Om3 ultramicrotome and stained with Richardson's stain (1% AzurII/1% methylene blue/1% NaBH 4 ). Due to the abnormal laterally and ventrally shifted position of the eyes in MO-Na-injected zebrafish (Fig. 4C ), heads were cut obliquely, whereas frontal sections were cut for control fish. The number of cells in the retinal ganglion cell layer (RGCL) and inner nuclear layer (INL) were counted on single sections containing the optic nerve head. Apoptosis detection was performed on wholemount embryos, prior to sectioning, by using the ApopTag ® Peroxidase in situ Detection Kit (Qbiogene, Carlsbad, CA) following the manufacturer's instructions.
In situ hybridization and wholemount immunostaining
In situ hybridization and immunostaining were performed as previously described ( The rabbit antiserum pAb 397 and the mouse monoclonal antibody mAb N518 recognizing Neurolin-a were prepared against native Neurolin protein immunopurified from adult goldfish brain membranes by using the original monoclonal antibody E21 (Ott et al., 1998 (Ott et al., , 2001 ). Both antibodies recognize a single band of ϳ85 kDa on Western blot and show identical staining patterns in the eye. Similarly, mAb T819 was produced by injecting purified recombinant zebrafish Tag1 protein into Balb/c mice. Hybridoma cell supernatants were screened for Tag1-specific staining on cryosections of goldfish and zebrafish brains as well as for the detection of a ϳ140 kDa single band in Western blots of fish central nervous system (CNS) tissue and recombinant Tag1 protein (Lang et al., 2001 ). The mAb E17 was generated by immunizing Balb/c mice with immunopurified goldfish E587 antigen (L1-like cell adhesion molecule). Specificity was tested on cryostat sections of the retina and optic tectum of adult goldfish and zebrafish, and a ϳ190 kDa band was detected on Western blot (Weiland et al., 1997) . The mouse monoclonal antibodies mAb 5E11 for the detection of amacrine cells and their processes (Fadool et al., 1999) and mAb 1D1 for visualizing rod photoreceptors (Hyatt et al., 1996) were generated from splenocytes isolated from a Balb/c mouse immunized with whole zebrafish retina in Ribi adjuvant. Hybridoma supernatants were screened on frozen sections of adult retina and Western blots of total retinal protein and were kindly provided by P. Linser (Hyatt et al., 1996) . Confocal analysis of wholemount immunostaining was performed on a Zeiss LSM510 scanning confocal microscope. Figures were generated from stacks of 10 -15 slices covering the thickness of the eye. Brightness and contrast were adjusted equally for each experiment performed by using Corel-DRAW 12. Brightfield images were taken on a Zeiss Axioplan with brightness and contrast adjusted to highlight the in situ hybridization expression domains using CorelDRAW 12.
RESULTS
Expression analysis of the two zebrafish neurolin paralogs
By using a combination of Blast searches, RT-PCR, and RACE, we identified zebrafish neurolin-b, a paralog of neurolin-a (previously described by Kanki et al., 1994; Laessing et al, 1994) . Searches in the fugu genome database also yielded two neurolin genes. Phylogenetic analysis of neurolin sequences resulted in a tree with distinct clades for the fish and the tetrapod genes, suggesting that neurolin duplicates (neurolin-a and neurolin-b) arose after the divergence of teleost and tetrapod lineages (Fig. 1) Fig. 2A,A) following the nasal over dorsal to temporal progressing differentiation wave (Laessing and Stuermer, 1996) . At this stage, no Neurolin-b mRNA was detectable in the eye (Fig. 2B,B) . Twelve hours later, the wave is completed (Fig. 2C,C) , by which time Neurolin-a expression progresses in rings around the retinal margin and becomes confined to newborn RGCs (Fig. 2E) . Neurolin-b transcripts are found in RGCs at 48 hpf (Fig. 2D,D) , indicating a function later during retinal development. At 72 hpf, the Neurolin-b expression domain resembles in principle the pattern of Neurolin-a in RGCs but is broader (Fig. 2F) . In summary, these overlapping but different spatiotemporal expression patterns of the zebrafish Neurolin paralogs suggest a subfunctionalization of the duplicated genes.
Knockdown of Neurolin-a and Neurolin-b leads to distinct morphological phenotypes
To examine the functions of the two Neurolin paralogs during zebrafish development, we blocked translation of the respective mRNAs by using morpholino antisense oligonucleotides ( Overall, MO-Na-injected embryos seemed to develop slower and were smaller (ϳ10%) than their age-matched counterparts and died at about 6 -8 dpf. They were less active but did respond vigorously to touch. Affected embryos exhibited an inflated heart cavity and deformed lower jaws (Fig.  3B,C) . The eyes of MO-Na-injected embryos were slightly smaller than those of control larvae at 2 dpf (Fig. 3E,F) . This difference was more pronounced at 3-6 dpf ( Fig. 4A) , and the eyes shifted into an abnormal ventromedial position at later stages of development ( Fig. 3C and data not shown). This overall phenotype and in particular the small eyes was confirmed with a second independent morpholino (MO-Na2; see Materials and Methods) and by co-injection of a p53 morpholino (p53-MO: Supplementary Fig. 2 ). It has recently been shown that many morpholinos can sequence-independently activate the p53 pathway, leading to nonspecific small eye phenotypes. However, co-injection of p53-MO along with MO-Na did not change the observed phenotype, confirming that small eyes are caused by the specific suppression of Neurolin-a expression ( Supplementary Fig. 2) .
At 3 dpf, MO-Na-injected embryos appeared darker than wildtype siblings, as they failed to adjust the distribution of melanin granules in their skin in bright light (Fig. 3G,H) , suggesting that loss of Neurolin-a function leads to blindness. Hence, further analysis was performed to investigate in detail the ocular phenotype of MO-Na-or MO-Nb-injected zebrafish and the functions of Neurolin-a and Neurolin-b with respect to the retina. 
Reduction of eye size and abnormal retina in MO-Na-injected zebrafish
The effect of loss of Neurolin-a function on eye size was quantified by measuring the eye diameter of MO-Na-injected and age-matched buffer control-injected zebrafish (Fig. 4A) . Because MO-Na fish are shorter than wild-type siblings (ϳ10%) and showed abnormally bent tails at high MO concentrations, eye dimensions were set into relation to the respective torso length (head to end of yolk ball). Despite this correction, eye size was significantly reduced both in moderately (1 ng MO-Na) and severely (5 ng) affected embryos at 3 dpf. Smaller eyes were still obvious at 6 dpf, indicating that the defect could not be rescued at later stages of development when Neurolin-a protein was re-expressed (Supplementary Fig. 1) . To determine which cell type was affected in MO-Na-injected embryos, we counted cells within the RGCL and INL on transverse eye sections. Only approximately half the cells were present in both the RGCL and the INL in embryos injected with 2.5 ng MO-Na compared with wild-type zebrafish (Fig. 4B) . Therefore, the reduction in eye size is caused by the loss of RGCs and other neurons, implying that the whole retina is affected.
Morphological defects in the developing retina resulting from suppressed Neurolin-a expression were analyzed in serial sections through the eyes of buffer-control and MO-Nainjected fish at 2 dpf and 4 dpf (Fig. 4C-F) . The 2 dpf control retina (Fig. 4C ) displayed differentiated RGCs and the beginning of RGC layer segregation from the INL (Nawrocki, 2002) . Control larvae developed a distinct optic nerve head (ONH) through which RGC axons exit the retina. MO-Na counterparts, however, failed to exhibit a distinct RGC layer, and it is not clear whether RGCs had formed at all (Fig. 4D) . The ONH was thin and seemed to consist only of glial cells (derivatives of early optic stalk cells; MacDonald et al., 1997). Along with an increase in retinal thickness, the segregation of the RGCL, INL, and photoreceptor layer (PRL) progressed in 4 dpf control retina (Fig. 4E) . These sections exhibited more prominent ONHs and a zone of precursor cells at the retinal margin. Although this order of retinal neurons was conserved in eyes of MO-Na-injected zebrafish (Fig. 4F) , ONHs were either rudimentary or distinctly smaller compared with the control retina.
The presence of dark blue nuclei and cavities were striking feature of 4 dpf MO-Na retina (Fig. 4F) . By using TUNEL staining (Fig. 4G-J) , apoptotic cells were found to be rare in both wild-type and MO-Na-injected retina at 2 dpf ( Fig. 4G,H; Biehlmaier et al.,  2001) . At 4 dpf, however, apoptosis was clearly increased in MO-Na compared with control retina (Fig. 4I,J) . Stained nuclei occurred across the thickness of the retina, suggesting that retinal neurons in the RGCL, INL, and PRL undergo apoptosis at this later stage. 
Loss of Neurolin-a function leads to arrest of RGC differentiation
In the retina, Neurolin-a is specifically expressed by differentiated RGCs and their axons (Laessing and Stuermer, 1996; this paper). To determine whether loss of Neurolin-a affects RGC development, we analyzed retinas of MO-Na-injected zebrafish with various retinal markers (Figs. 5, 6 ). Immunostaining using a polyclonal, Neurolin-a-recognizing antiserum confirmed expression of the protein on all RGCs and on retinal axons exiting the eye of wild-type siblings at 2 dpf (Fig. 5A) . At this stage, no Neurolin-a was detected in either MO-Na-or MO-Na2-injected embryos (Fig. 5B,C; data not shown) . Double-labeling with an ␣Tag1 antibody, an IgSF protein expressed on RGCs and their axons (Fig. 5A) , revealed that only a few differentiated RGCs with a thin optic nerve (moderate phenotype; Fig. 5B (Fig. 5D) gave similar results; only a few axons were seen in thin optic nerves in MO-Na-injected zebrafish (Fig. 5E,F) .
To address whether these RGC defects in MO-Na morphants were caused by early patterning defects, we examined expression of pax6 (early stage optic vesicle) and pax2a (midbrainhindbrain boundary [MHB] and optic stalks). Expression patterns of both genes were comparable in MO-Na, MO-Nb, and control embryos at 24 hpf and 31 hpf (data not shown), indicating that neither Neurolin-a nor Neurolin-b were necessary for regionalization of the CNS or optic vesicle formation.
RGCs are the first retinal neurons to differentiate (Harris, 1997). Differentiation is initiated in a ventronasal cluster and then spreads fan-like to the temporal retina (Hu and Easter, 1999; Laessing and Stuermer, 1996). To determine whether this differentiation wave is impaired in MO-Na-injected zebrafish, we compared the distribution of Neurolin-a mRNA (Neurolin-a transcription is not impaired by MOs) in wild-type and experimental retina (Fig. 6A-D) . Neurolin-a mRNA is normally expressed throughout the RGCL at 2dpf (Fig. 6A) and then becomes restricted to newly differentiated RGCs at the retinal margin (Fig. 6C) . MO-Naaffected retina, however, showed Neurolin-a transcripts in only a few cells confined to a ventronasal cluster at both 2 dpf and 2.5 dpf (Fig. 6B,D) , indicating that the wave of RGC differentiation was not only retarded but arrested due to the loss of Neurolin-a function. In contrast, expression of atoh7 mRNA, a bHLH transcription factor expressed prior to retinal neurogenesis and in- (Fig. 6E,F) and was similar at 2 dpf (Fig. 6G,H) in MO-Na-injected compared with control retina, indicating that progenitor cells are nevertheless committed to the RGC fate. In contrast, markers of terminally differentiated RGCs like shh (Fig. 6I,J) and Iroquois homeobox gene irx1a (Fig. 6K,L) were only expressed in one to two cells in the ventronasal region in MO-Na retina compared with the ringlike expression in control fish at 2 dpf. Therefore, Neurolin-a function seems to be required for the terminal differentiation of RGCs.
Impairment of RGC differentiation affects other retinal neurons
We next analyzed whether RGC differentiation is rescued at later stages of development and examined whether other retinal neuron types are affected by impaired RGC development. For this purpose, we used transgenic zebrafish expressing membrane-targeted GFP in RGCs (Xiao et al., 2005) for MO injections, to allow simultaneous assessment of the formation of differentiated RGCs and their axons. GFP expression is slightly retarded with respect to RGC differentiation, but at 60 hpf (Fig. 7A) and especially at 72 hpf (Fig. 7E) , GFP is detected in RGCs throughout the retina and in their axons projecting to the optic tectum. At both time points, either a few RGCs and a thin optic nerve (moderate phenotype; Fig.  7B,F) or no differentiated RGCs (severe phenotype; Fig. 7C,G) were visible in MO-Na-injected zebrafish. Analysis of MO-Nb fish revealed that RGC differentiation is generally slightly retarded in injected embryos (Fig. 7D) , but RGCs are clearly present at 72 hpf (Fig. 7H) , the time point for all further analysis. Counterstaining of transgenic fish with ␣Tag1 antibody (A,C,E,G,I,K) . A-D: Neurolin-a expression indicative of differentiated RGCs is detected throughout the whole retina in wt at 2 dpf (A) and becomes gradually restricted to the retinal margin at 2.5 dpf (C). In contrast, Neurolin-a mRNA is only detected in a small ventromedial cluster in MO-Na eyes at 2 dpf (B) and 2.5 dpf (D). E-H: Atoh7 mRNA levels are comparable in wt control (E,G) and MO-Na-injected (F,H) embryos at 1.5 dpf (E,F) and 2 dpf (G,H). I,J: Shh expression has spread around the retina in wt controls at 2 dpf (depicted by the circle, I) whereas shh mRNA could only be detected in a single cell in the ventronasal region in MO-Na eyes (arrow, J). The arrowhead marks the optic fissure. K,L: Expression of irx1a is found in only one to two RGCs in MO-Na eyes (arrow, L) in comparison with wt controls (K) at 2 dpf. The arrowhead marks the optic fissure. A-H, K,L: dorsal views; anterior is to the top. I,J: lateral views of dissected eyes. A-D (also applies to A-D) , E-H (also applies to E-H), I-P. (Fig. 7A-D, E-H) showed that GFP expression nicely corresponded to the pattern of the RGC marker and that GFP detection is actually more sensitive because green fluorescence was sometimes seen in retina without ␣Tag1 immunostaining (compare Fig. 7B,B with F,F) .
Scale bar ‫؍‬ 50 m in A (applies to A,B), C (applies to C,D), E (applies to E,F), G (applies to G-L).
At 72 hpf, differentiation of amacrine cells in the INL was well established in wild-type control and MO-Nb-injected retina (Fig. 7I,L) . In MO-Na zebrafish, the observed phenotype varied from almost normal slightly retarded if differentiated RGCs were present (Fig. 7J) to no detectable amacrine cells in fish with impaired RGC differentiation (Fig. 7K) . At the same time, rod photoreceptor development had begun to spread across the retina in control and MO-Nb retina (Fig. 7M,P) . In contrast, only a few photoreceptor cells confined to a ventronasal cluster (in eyes with differentiated RGCs and retinal axons) or no staining (eyes without differentiated RGCs) were detectable in retinas of MO-Na-injected zebrafish. Similar results were obtained with a antibody-detecting cone photoreceptors (data not shown). Therefore, development of other neuronal cells within the retina was also affected by the loss of Neurolin-a function and seemed to depend on the presence of differentiated RGCs. MO-Nb injection, in contrast, had no effect on the differentiation of retinal cells.
Loss of Neurolin-b function is required late in retinotectal development
Injection of MO-Nb even at high concentrations did not produce an apparent phenotype by visual inspection (Fig. 3D) nor did it affect the timely differentiation of cell types in the retina (Fig. 7H,L,P) . Expression of the retinal and brain markers pax6, pax2a, shh, and irx1a were also unchanged compared with controls at 31 hpf and 2 dpf (data not shown), indicating a subtle function of Neurolin-b. Therefore, we decided to look for extraretinal axon defects in 3 dpf zebrafish. Analysis of GFP-labeled retinal axon on their path toward the optic tectum revealed striking abnormalities (Fig. 8A-D) . In wild-type control embryos, retinal axons have reached the optic tectum and split into well-defined tracts prior to innervation of the dorsal and ventral tectal halves at 72 hpf ( Fig. 8A;  Stuermer, 1988) . Growth of retinal axons into the optic nerve and up to the chiasm was normal in MO-Nb-injected zebrafish (Fig. 8B-D) . However, severe pathfinding errors occurred once axons turned from the mediolateral to the anterior-posterior direction approaching the optic tectum. Axons either failed to split into the dorsal and ventral tracts to innervate their target (7/15 samples; Fig. 8B ), turned aberrantly within the tectal field (6/15 samples; Fig. 8C ), or did not find the optic tectum and prematurely stopped (2/15 samples; Fig. 8D ). Clearly, unlike Neurolin-a, Neurolin-b is not involved in RGC differentiation but is necessary for correct RGC axon projection and innervation of the optic tectum.
DISCUSSION
RGC differentiation is governed by a cascade of gene activation controlling the sequence of distinct developmental stages and promoting axon growth and navigation. By using translation-blocking MOs targeting either of the two Neurolin paralogs, Neurolin-a or Neurolin-b, our study shows that the two gene products have specialized their function because of duplication and each plays a crucial, but distinct role in RGC development. Neurolin-a is necessary for a step in the differentiation of RGCs that correlates with axogenesis (Stuermer, 1988; Laessing and Suermer, 1996) . Loss of Neurolin-a ex- 
Importance of Neurolin-a during RGC differentiation
In our earlier work, we identified the dynamic spatiotemporal sequence of RGC differentiation in zebrafish by the expression of Neurolin-a (Laessing and Stuermer, 1996) In accordance with this inhibitor/de-repressor model, loss of atoh7 expression would result in the loss of the differentiation inhibitor, and progenitor cells would be free to develop into all cells except RGCs (lak phenotype). Loss of Neurolin-a (and irx1a), however, would mean persistent block of differentiation of all cell types because the inhibitor cannot be de-repressed, as observed in irx1a and Neurolin-a morphant phenotypes. Because this inhibition/de-repression has to occur very dynamically and be spatiotemporally controlled, it will be challenging to analyze without knowledge of the molecules involved. It would be interesting to know whether Notch expression is at all altered in lak/atoh7 mutants.
Another feature of MO-Na-affected eyes is the presence of fragmented nuclei and cavities indicative of neuronal apoptosis. Again, these are not restricted to the RGCL but are found in all retinal layers and are only detected at later stages of retinal development (4 dpf) well after onset of Neurolin-a expression (32 hpf) and the appearance of a MO-Na phenotype. In syu mutant and irx1a morphant retinas, apoptosis also occurs late and spatially random ( ., 2004) . The ALCAM knockout retina is normally stratified, but axons fascicles in the optic fiber layer are broader, and aberrant trajectories are observed. Consequently, an axon guidance function, either within the retina (goldfish) or the trajectory to the tectum (mice, zebrafish) seems to be evolutionarily conserved for the neurolin/alcam gene.
In addition to the axon fasciculation and pathfinding defects, the ALCAM knockout retina shows retinal dysplasia indicative of aberrant growth and development. Although this defect was not analyzed in temporal detail or with differentiation markers to elucidate which phase of retinal development was affected, mouse ALCAM also seems to have a basic role in cell differentiation similar to Neurolin-a in zebrafish. However, as mouse ALCAM is still present on neonatal and adult retinal axons (Weiner et al., 2004) , it cannot provide a dynamic function that has to be timely and spatially controlled, as is Neurolin-a, which is only expressed in newborn retinal ganglion cells and is downregulated a few hours later (Laessing and Stuermer, 1996) . Neurolin-a function in the regulation of cell type specification seems therefore to be specific to zebrafish, which would also explain how RGCs properly differentiate and send axons out of the eye in the ALCAM knockout mouse. In contrast, human ALCAM is important for the differentiation of various cell types ( 
